The X-ray synchrotron is quite different from conventional radiation sources. This technique may expand the capabilities of conventional radiology and be applied in novel manners for special cases. To evaluate the usefulness of X-ray synchrotron radiation systems for real time observations, mouse fetal skeleton development was monitored with a high resolution X-ray synchrotron. A non-monochromatized X-ray synchrotron (white beam, 5C1 beamline) was employed to observe the skeleton of mice under anesthesia at embryonic day (E)12, E14, E15, and E18. At the same time, conventional radiography and mammography were used to compare with X-ray synchrotron. After synchrotron radiation, each mouse was sacrificed and stained with Alizarin red S and Alcian blue to observe bony structures. Synchrotron radiation enabled us to view the mouse fetal skeleton beginning at gestation. Synchrotron radiation systems facilitate real time observations of the fetal skeleton with greater accuracy and magnification compared to mammography and conventional radiography. Our results show that X-ray synchrotron systems can be used to observe the fine structures of internal organs at high magnification.
Introduction
Although X-rays represent one of the most important diagnostic imaging methods for radiotherapy, they are associated with a number of limitations including insufficient spatial resolution, contrast, and quantitative scale [24] . Recently, computed tomography (CT) and magnetic resonance imaging (MRI) have been found to produce higher quality results along with more information on internal structures, and can be used as non-invasive screening tools. However, these techniques are unable to detect micro-sized fine structures for the early diagnosis of tumors, vascular diseases, and other disorders [10] . The advent of synchrotron radiation has added a new dimension to the use of X-rays for imaging and radiotherapy. Synchrotron radiation has the potential to provide new solutions to the problems associated with other imaging modalities such as CT and MRI [24] . Because of its high brilliance and laser beam-like directionality, synchrotron radiation can provide ultra-high resolution images using a small field of view. The use of synchrotron radiation sources may enable considerable improvements in some imaging techniques routinely used in medicine. Synchrotron radiation has been used for several different techniques, including venous coronary angiography, digitized cerebral synchrotron radiation angiography, monochromatic X-ray computed tomography, monochromatic mammography, two wavelength digital subtraction angiography, phase-contrast/edgeenhancement imaging, diffraction-enhanced imaging, and microtomography, in several countries including the United States, Germany, and Japan [9, 11, [13] [14] [15] 19, 25] . In addition, synchrotron-based K-edge digital subtraction angiography is another imaging technique that is highly sensitive to low concentrations of contrast agents. It has been recently reported that K-edge digital subtraction angiography is particularly useful for studying neurovascular pathology in pigs [21] .
In teratologic studies, experiments investigating the effect Fig. 1 . Schematic diagram of the experimental set-up. Polychromatic X-rays (A), are emitted from the bending magnet device (b) of the storage ring (a) then pass through two slits (c: fixed one in the vacuum, d: changeable in the air) to control the beam size, attenuator set (e) for acquiring a good background image, and sample (f). The X-rays are processed by the scintillator (g) and the resulting image information is then converted into visible light (B). This visible light is magnified (C) by lens (i) after being reflected by the mirror (h) and transmitted to a computer or digital video recorder by the CCD camera (j).
of various teratogens (including carbon monoxide, X-rays, or ethanol exposure) on the developing embryo have found that these factors produce vertebral and other skeletal anomalies in the offspring of mice. These abnormalities of the fetus had been observed by fetal tissue double-staining using Alizarin red and Alcian blue, gross inspection, radiography, or mammography [2, 3, 16, 17, 22, 23] . However, the mouse fetus is only about 18∼20 mm in size from crown to rump, making it extremely difficult to use these modalities for observing small lesions.
In this study, we used synchrotron radiation to obtain a high definition X-ray image of the fetus in utero. The fetus removed from the ICR mouse and the time at which the fetal skeleton could be observed was estimated. Our results might be used to find new technologies that enable realtime observation of fine structures without staining.
Materials and Methods

Experimental animals
Pregnant ICR mice (body weight 43.1∼72.7 g) were purchased from commercial breeders (Daehan Biolink, Korea) and fed a standard chow (LabDiet, USA). The first day of gestation was designated as the day after observing the vaginal plug. The Committee for the Care and Use of Laboratory Animals in Yonsei University (Korea) reviewed and approved the protocols for our study according to the Guidelines for Animal Experiments edited by the Korean Academy of Medical Sciences.
Imaging system and data acquisition
We examined the animals using a Min-R Screen-Film system (Eastman Kodak, USA) and conventional mammography equipment (Performa; GE Healthcare, USA) with 24 kVp, 60 mA and 0.5 sec of exposure time. The film was processed with and automatic processor (Model 2000; Kodak, USA). The experiments were carried out on a 5C1 beamline at the Pohang Accelerator Laboratory (Pohang University of Science and Technology, Korea) with a 2.5 GeV, 150 mA storage ring current, and 1.32 T magnetic field. The electric field was used with S type of polarization in the plane of ring. Since longitudinal coherence is not a stringent requirement for refractive index radiology, non-monochromatized ("white") light was used with no optical elements except beryllium windows. After the beam went through the window into air, we introduced slit and attenuator systems to minimize damage associated with the scintillator and to prevent background image over-saturation. The detection system was based on a CdWO 4 single crystal scintillator cleaved to a thickness of ＜100 μm of silica which was resistant to radiation damage and highly homogeneous. The highresolution radiograph on the scintillator was magnified with an optical lens, captured by a commercial-grade CCD video camera (IK-536; Toshiba, Japan), and recorded with a digital video recorder (GV-D300; Sony, Japan). To prevent oversaturation, an ND4 filter and 52S polarizer (Kenko, Japan) were used ( Fig. 1) . The background image obtained just before fetus imaging was stored as a digital image and a temporal subtraction image using a computer. After synchrotron radiation imaging, one mouse was randomly selected and euthanized on gestation day 18 and its fetuses were removed for synchrotron radiation analysis.
Experimental procedures
Mice were anesthetized with intraperitonial injections of ketamine (22.5 mg/kg; Yuhan, Korea) and xylazine (1.75 mg/kg; Bayer, Germany). Two mice at embryonic day (E)12, four mice at E14, two mice at E15, and two mice at E18 were radiographed with conventional X-ray (VPX-100A; Toshiba, Japan) and mammography equipment. To observe fetal anatomy, the pregnant mice were suspended around the rectangular positioner with surgical ties and placed in a vertical position (Fig. 2) . The anesthetized mice were imaged with synchrotron radiation on the 5C1 beamline. Synchrotron radiation was derived from an accumulation ring of electrons with an accelerated energy of 2.5 Gev. One mouse at E12, E14, E15, and E18 was anesthetized after synchrotron radiation imaging and the fetuses were removed. Each fetus was skinned and eviscerated for the bone and cartilage staining with Alizarin red S and Alcian blue. The fetal tissues were fixed in 95% ethanol for 48 h at room temperature. The staining solutions were composed of those two reagents and prepared as follows. The staining solution was mixed with 0.12% Alizarin red S in 95% ethanol and 0.14% Alcian blue in 75% ethanol. This solution was added into mixture of glacial acetic acid 10 mL and 70% ethanol 170 mL at room temperature for three days. Specimens
Real time observation of mouse fetal skeleton using X-ray synchrotron 109 Fig. 3 . Photographs of a mouse fetus thorax obtained by synchrotron radiation at embryonic day (E) 14 (A), E15 (B), and E18 (C, D). At E18, fetal ribs (arrows) and thoracic vertebra (arrowhead) were observed. Fetal ribs were also visualized at E14 and E15 but with lower definition. 
0 Ribs, thoracic vertebra 10 0 Ribs, thoracic vertebra 0: observed, X: not observed, -: not specified. Ratios indicate the number of mice in which bony structures were identified/number of mice examined.
were macerated in 1% KOH for two days at room temperature and then cleared through 1% KOH in 20% glycerol. The specimens were then stored in 100% glycerol and photographed using a stereomicroscope (Stemi V6; Zeiss, Germany).
Results
Ten fetuses were visualized at E12, E14, E15, and E18 after gestation using a synchrotron radiation system. Fetal bones were not visualized in two mice at E12. Fig. 3A shows representative fetal ribs at E14; some portions of the ribs could not be viewed because they overlapped the mother's femur. Fetal bones were visualized in three out of four mice examined at E14 using the synchrotron radiation system. As shown in Fig. 3B , fetal ribs could be better observed (radiopaque) compared to E12. However, other bony structures were not visualized at this period by the synchrotron radiation system. Figs. 3C and D show that fetal ribs were more apparent and adjacent thoracic vertebrae were identified at E18. At E15 and E18, fetal bony structures were visualized in all mice examined (Table 1) . Data use to identify fetal bony structures using synchrotron radiation, conventional radiography, and mammography equipment are shown in Table 2 . In conventional radiography, fetal bony structures were first visualized in one mouse at E18. This method enabled visualization of the uterus containing several fetuses and radiodense fetal bony structures; however, it was difficult to specifically identify fetal anatomic structures because of low resolution (Fig. 5D ). Fetal bony structures were first visualized with mammography equipment in one mouse at E15 and two mice at E18. As shown in Fig. 5C , fetal had not yet calcified (arrow), they were visualized with synchrotron radiation (arrowhead). However, the ribs were not observed with the mammography equipment or conventional radiography.
Fig. 5. Photographs of a fetus stained with Alizarin red S and
Alcian blue (A) and images of fetal ribs obtained with synchrotron radiation (B), mammography (C), and conventional radiography (D) of a pregnant mouse at E18. Ossified fetal ribs stained red were observed (arrow), and ribs were visualized by synchrotron radiation with high resolution (arrowhead). Fetuses (white arrows) were identified by mammography and conventional radiograph; however, the fetuses were too small to identify anatomic structures. bony structures were better defined at E18 and the skull, ribs, vertebrae, and extremities were identified. However, images of fetal bony structures from the mammography equipment were less resolved compared to those produced by synchrotron radiation (Figs. 4B and 5B) . Double-staining the fetal mice with Alcian blue and Alizarin red S showed that rib were not identifiable at E14 although a lack of staining does not necessarily indicate a lack of rib formation (Fig. 4A) . However, calcified ribs and thoracic vertebrae were stained red at E18 (Fig. 5A) . Ossified metatarsus, tibia, fibula, pelvis, scapula, humerus, ulna, radius, and skull were also observed at this stage in the double-stained fetal mice (Fig. 6) . Synchrotron radiation imaging of the fetus removed from the uterus at E18 showed the ossified bony structures similar to the ones observed by double-staining an age-matched mouse fetus (Fig. 6 ).
Discussion
In this study, the mouse fetal skeleton was first visualized in a pregnant mouse by synchrotron radiation at E14. This was a day earlier than first visualization by mammography equipment (E15) and conventional radiography (E18). Fetal ribs appeared faintly on images of three out of the four mice examined with synchrotron radiation at E14. However, these images were not sufficient for examining the whole fetal skeleton. This was probably due to minimal calcification of the skeleton at this time point as observed in double-stained mouse fetuses. Although images of fetal skeletons visualized by the mammography equipment demonstrated that this modality is sufficient for examining the whole mouse skeleton, mammography might not be suitable for visualizing small bony structures due to the small size of fetus. At E18, fetal skeletons were more apparent and various bony structures such as ribs and vertebrae were visualized by synchrotron radiation with high magnification and resolution. However, since the field of view for synchrotron radiation was small (2 × 3 mm), it was difficult to define the anatomy of overlapping fetuses located in the uterus.
For the data acquisition, we can use a highly collimated and bright X-ray beam associated with refractive edge enhanced contrast and requiring a short exposure time. This enables us to obtain images of excellent quality with high resolution and video-rate acquisition. When transiting the sample, the beam obtains information on sample image contrast through two mechanisms: the attenuation coefficient and/or the path difference by refraction and/or diffraction. However, the density of a biological sample is too low to produce sufficient contrast. Therefore, the refractive edge enhanced contrast mechanism is dominant. Image information is obtained by the edge of an object having a different refractive index, which X-ray beam transmits to the scintillator, is partially converted into visible light, magnified by optical lens, and Fig. 6 . Photographs of a fetus removed from a pregnant mouse at E18. The fetus was stained with Alizarin red S and Alcian blue. It was about 18 mm in length from crown to rump. Rectangles represent the field of views imaged by synchrotron radiation. A-I: comparisons of synchrotron radiation (1) and double-staining (2) images of the fetal mouse at E18, A: The fetal metatarsus showed calcified metatarsal bones (arrow), B: Distal femur (arrow), proximal tibia (white arrow), and fibula (arrowhead), C: Distal humerus (arrow), proximal radius (arrowhead), and ulna (white arrow), D: Scapula (arrow), proximal humerus (arrowhead), and spinous process of the scapula (white arrow), E: Mandible (arrow) and nasal bone (white arrow), F: Atlas (arrow) and foramen magnum (white arrow), G: Last rib (arrow) and first lumbar vertebra (white arrows), H: Body of ilium (arrow), sacrum (white arrow), I: Pubis (arrow), sacrum (white arrow) and ischium (arrowhead). transferred to a computer by the CCD video camera. In our experiment, we set a mirror between the scintillator and optic lens and therefore used a reflective mode rather than a transmission mode. Thus, we intended to minimize the damage of the optic lens by receiving only visible light by selectively excluding X-rays [5] [6] [7] .
X-rays and double-staining techniques have been used as important tools for laboratory animal research. These imaging systems permit researchers to screen animal models for mutations or pathologies, and to monitor disease progression and response to therapy [22, 23] . For example, carbon monoxide has been shown to be teratogenic in mice using mammography, and an animal model of lumbosacral agenesis was non-invasively studied with radiography [12, 28] . Double-stained mouse fetus was also used for studying the influence of the p53 tumor suppressor gene on mouse skeletal development [1, 20] . However, double-staining fetal tissue requires the sacrifice of laboratory animals. Therefore, it is impossible to observe sequential development (or ontogeny within a single organism) of the fetus with this technique. Additionally, the size of a typical mouse fetus is about 18∼20 mm from crown to rump. This small size makes it impossible to observe small lesions in these structures using traditional X-ray-based techniques such as mammography. Also, micro-CT is a non-invasive method and useful tool for assessing skeletal microstructures [4] . The advantages of micro-CT include the ability to quantify soft tissues, generate 3D images, decrease the time for cesarean section or any staining, reduce waste production associated with staining, and potentially evaluate multiple stages of skeletal changes [18, 27] . However, the micro-CT system has a number of limitations associated with spatial resolution required for examining an individual fetus and grayscale resolution for detecting adjacent objects with similar densities [26] .
Synchrotron radiation is suitable for acquiring high quality real-time images. This system can be exploited to generate micron-level properties of blood vessel in real-time without the use of contrast agents [8] . Because the projection of synchrotron radiation should be vertical to the object, the mouse being examined had to be positioned in an upright posture. Thus, the fetuses were displaced to the lower abdomen and overlapped each other. Consequently, this interfered with identifying fetal anatomic structures. Therefore, one mouse was sacrificed on E18 and the litter was examined with synchrotron radiation to observed mouse fetal anatomy initially depicted by synchrotron radiation. Synchrotron radiation imaging of the fetus that was removed from the uterus at E18 showed ossified bony structures. This finding was consistent with the results from double-staining the mouse fetuses. Although synchrotron radiation enabled visualization of the mouse fetal skeleton at E18 with high resolution, a greater beam size is desirable for imaging integrated bony structures of the mouse fetus such as the vertebral column, skull, and extremities. The main purpose of this study was to evaluate the use of synchrotron radiation as a means of detecting fine bony structures. The usefulness of this technique was determined by visualizing fetal mice skeleton and estimating the time when the fetal skeleton could be observed. Results from the present study show that synchrotron radiation enables the visualization of mouse fetal skeleton with sufficient image definition at E18.
In conclusion, synchrotron radiation systems are expected to be an effective tool for real-time visualization of microsized fine bony structures with high magnification. This technique could be used to make these observations at earlier gestation stages compared to other conventional methods. Synchrotron radiation may be a powerful tool for identifying for mutations or pathologies in mouse fetal skeletons as well as monitoring disease progression and response to therapy.
